This work proposes a smart home electricity management approach that can predict and schedule electricity demand and supply by considering: the 'state' of the smart grid, local power generation capacity, and electrical consumption of household appliances. The prediction of weather conditions and the immediate and longerterm plans of the residential home occupants are crucial parameters in the smart home decision-making system that acts on behalf of the occupants. This paper provides a motivation example and associated scenarios, electrical energy supply/demand models, formalization of the cost optimization problem, and scheduling schemes for a smart home electricity management system in the context of a smart grid, smart appliances, and local renewable energy resources. A case study is provided to illustrate how the proposed approach works. Abstract-This work proposes a smart home electricity management approach that can predict and schedule electricity demand and supply by considering: the 'state' of the smart grid, local power generation capacity, and electrical consumption of household appliances. The prediction of weather conditions and the immediate and longer-term plans of the residential home occupants are crucial parameters in the smart home decision-making system that acts on behalf of the occupants. This paper provides a motivation example and associated scenarios, electrical energy supply/demand models, formalization of the cost optimization problem, and scheduling schemes for a smart home electricity management system in the context of a smart grid, smart appliances, and local renewable energy resources. A case study is provided to illustrate how the proposed approach works.
I. INTRODUCTION
Global renewable energy generation capacity has been rising at a rapid rate in recent years. Renewables are on track to contribute significantly to electric power systems, for example, renewables accounted for almost half of the estimated 208 GW of new electric capacity installed globally in 2011 [1] . In particular, non-hydro renewables have registered a 24% capacity increase over 2010 and have exceeded 390 GW in total. Globally, wind and solar PV accounted for almost 40% and 30% of new renewable capacity, respectively.
There is an emerging trend for residential homes on smart grids to have local electric power generation as a portion of electricity supply. Home power local generation usually comes from photovoltaic systems, micro combined heat and power (microCHP) systems, wind turbines, etc. With the incorporation of distributed renewable energy generators, the present power system will be transformed into a large-scale distributed generation system [2] , [3] . In the classical centralized power network, electric power flows from power plants to the customer premises in a one-way supply mode. Distributed renewable energy resources bring new situations of local electricity production and two-way electricity flows which dramatically increases the control requirements on the grid. However, advances in information and communication technologies provide the opportunity for efficient data Pascal Perez is with the SMART Infrastructure Facility, University of Wollongong, NSW, 2522, Australia (e-mail: pascal@ uow.edu.au). collection and exchange. Emerging smart grid technologies can potentially change the power network into a digitally enabled electrical grid that collects, analyzes, and acts on information according to the dynamic status of both suppliers and consumers of energy. A smart grid can improve the efficiency and reliability of electricity services and smart grids support varying electricity tariffs according to the dynamic status of power demand and generation and have become a promising means of managing renewable energy generation and use in the context of soaring energy prices [4] .
Emerging smart appliance techniques enable residential or commercial electrical appliances to potentially take the advantage of a "smart grid". The smart appliances have the capability to adjust their operation according to the dynamic electricity tariff of a smart grid. The cost of electricity consumption can be reduced through peak load management. Smart appliances also bring the benefit of reliability improvement of utility grids by their load management feature at the granularity level of individual appliances.
In recent years, there have been extensive efforts and research initiatives which target smart homes for residential buildings with "ambient intelligence" in terms of energy management for efficiency, services for comfort and convenience, provision of home-based healthcare etc. [5] , [6] . In particular, smart home systems focusing on energy efficiency have been discussed in multiple articles [7] , [8] . Most of this literature focuses on cost reduction by load management through dynamic electricity tariffs in smart grids. As an extension of this previous work, the present paper proposes a new approach for smart home energy management as a comprehensive solution, which takes account of the local renewable energy generation, smart grids, smart electronic appliances, and environmental factors. The approach aims to minimize the overall daily electricity cost of household appliances. The minimization needs to take into account both weather and electricity tariff forecasts, predictable home activities, and the flexibility of electricity use. It is clear that it is unlikely that a traditional optimization algorithm will be of benefit in solving this problem. Scenarios, energy models for smart grids, local power generation, individual household appliances, formalization of the research problem, scheduling schemes for electricity consumption in residential homes are presented in this paper.
The content of the remainder of the present paper is organized as follows. Section II provides a motivation example of a smart home electricity management system. Section III describes the energy models and profiles that a smart energy management system for a residential home could be built on. Section IV proposes a power price model and formalizes the scheduling of electricity consumption and local generation at residential homes as an optimization problem. Section V proposes the scheduling scheme for electricity consumption and generation at residential homes. Section VI presents the analysis of the motivation example and scenarios using the proposed scheduling scheme. Section VII discusses related work and Section VIII provides some concluding remarks.
II. A MOTIVATION EXAMPLE OF SMART HOME ELECTRICITY MANAGEMENT
This section describes the scope of smart energy management in residential homes by highlighting the situations of local renewable power resources and household electrical appliances in the context of a smart grid. The following assumptions are made in relation to the smart home electricity management system. 1) The residential home is connected to a smart grid that provides electric power with a dynamic tariff. 2) The residential home has renewable energy resources with the capability to generate electric power locally.
3) The residential home has a set of electrical appliances that consume the electrical energy supplied by local renewable power resources and from the smart grid. 4) Some electrical appliances may be able to perform their functions in a flexible time frame. 5) The local weather forecast is accessible and can be used for prediction purposes to assess future:
• Local renewable energy generation; and • Energy consumption by some electrical appliances. 6) The occupants of the home provide control requests to electrical appliances in the form of schedules and/or real-time manual requests. Based on the above assumptions, a typical residential home in Australia is now described as a motivation example for smart home electricity management. The electric power supply, local renewable resources, electrical appliances in a typical residential home in Australia could be as follows: 1) A smart grid supplies the residential home with electric power at a varying tariff. 2) A solar photovoltaic system with 3kW peak output has been installed at the residential home. 3) A swimming pool pump is used for pool maintenance with 1.1 kW power. The swimming pool pump will run 4 hours each day. The starting time is flexible. 4) An automatic washing machine consumes 500W and a clothes dryer runs at 3kW. The washing time is half an hour. The dryer running time is 1 hour. The clothes washing and drying should be consecutive activities and can have a flexible starting time. 5) There is a central air conditioning system with a maximum power draw of 3kW. The air conditioning system runs according to climatic conditions and occupant requirements. 6) There is an electronic oven with a demand of 800W. 7) There is a lighting system, TVs, computers, etc. The electrical appliances run according to the occupants' home activities 8) There is an electrical refrigerator/freezer using 400W.
Usually this electrical energy consumption is not affected by the target management approach. The electricity energy management solution for residential homes must be context-aware. The content of the context in a smart residential home will be composed of weather forecast and home occupants' scheduled activities. We have the following typical scenarios for weather forecasts and occupants' activity plans. The weather forecast is based on the weather data of Parramatta, New South Wales, Australia.
Weather and home activities 2) Tomorrow is a weekday. The occupants of the residential home will go to work or school during the day. The activities at the residential home follow a typical routine of a working day. Weather and home activities Scenario C: 1) Weather forecast is the same as that in scenario A.
2) Tomorrow is a weekend day. The occupants of the residential home will stay at home. Weather and home activities Scenario D: 1) Weather forecast is the same as that in scenario A.
2) The occupants of the residential home will have holidays and they are not at home for the whole day. Scenarios A, C, D have the same weather forecast data but have different occupant activities. These scenarios illustrate the context of electrical energy management at residential homes with smart grid power supply, local renewable resources, and electrical appliances described previously.
III. ENERGY MODELS AND PROFILES
High level description of energy consumption information has been discussed in [9] . The proposed approach is still lacking the capability to express the electricity consumption details in the context of weather conditions and occupant activities. This section describes our energy models for the smart grid, local power resources, and individual household appliances, which will provide a foundation for electrical energy information to be collected, organized, searched, and utilized in target smart management approach. The categories of smart home electric power are shown in Fig. 1 .
The smart home electrical energy management system deals with categories as the smart grid, local power resources, and household appliances.
The smart grid energy model includes the electricity tariff and grid voltage at condition tuple (time point, day_type, month, temperature, wind, sunshine). The sample rate could be at intervals of 15 minutes. The day_type has values of "week_days", "week_ends", or "public_holidays". The month is value of month in the year calendar. Temperature has is a whole number. Wind has the value as its grade. The sunshine has the value as "sunny", "mostly_ sunny", "cloudy", or "raining". The local power resources may include solar PV, wind turbine, etc. Here we assume that only a solar PV system is installed. The solar PV energy model is power capability at condition tuple (time point, month, temperature, sunshine). The time point could be in the interval of 15 minutes. The month is value of month in the year calendar. The temperature has the value as a whole number. The wind has the value as its grade. The sunshine has the value as "sunny", "mostly_sunny", "cloudy", or "raining".
The electrical consumption of each appliance at per state of operation with a specific condition is modeled by its energy model. The energy model of air conditioning system is the power load at condition tuple (mode, temperature_setpoint, weather_temperature, weather_humidity). Typical mode values could be "automatic", "dry", "cooling", "heating", "fan". The precision of a continuous variable will be determined based on calculation concerns of energy efficiency management at smart homes. The temperature_setpoint and weather_temperature could be the temperature value at whole number. The weather_humidity could be rounded to 5 intervals. The electrical consumption of pool pump, washing machine, dryer, electronic oven are modeled as the power loads at their different modes. The electrical consumption of lighting is modeled as the power load at different time point and different occupants' activity modes. The time point could be in the interval of 15 minutes. The occupants' activity modes include "week_days", "week_ends", and "holidays".
Each electrical facility has its energy profile with energy data which are in compliance with its energy model. These energy models of individual electrical entities are implemented using specific data structures in databases or profile documents. These energy profiles are the foundation of the energy analysis and decision support systems in smart electrical energy management systems in residential homes. Some of such data can be obtained from facility providers. If these data profiles are put on web for sharing with communities, metadata of individual entities should be attached to describe the provider, model, device specifications, and configuration details. These data can also be obtained and updated with the help of smart meters, home sensors, weather reports etc. In this paper, we simply assume they are available and will not provide details of how to establish and update them.
IV. POWER PRICE MODEL AND PROBLEM FORMALIZATION
There have been some studies [8] , [10] on smart home energy management in the context of smart grid which focus on smart scheduling of household appliances by load-shifting to reduce energy cost according to variable electricity tariff. The variable electricity tariff of smart grid is used as the only driving force in the load-shifting (different constraints maybe considered). When a residential home has its local renewable electrical resources, the cost of electrical consumption becomes more complicated. The dynamic relationships among local power generation, power supply of the smart grid, and consumption demand must be taken into account when deciding on the cost rate in the cost evaluation at residential homes. In this section, a practical power price model will be proposed at first. Based on the power price model in the context of smart grids, we will formalize the schedule of electrical consumption and local generation at a residential home as an optimization problem for minimizing the total cost of electrical power while satisfying power requirements.
At residential homes, the supply of electrical power is composed of two parts which will be referred to as local-power and grid-power. The voltage of a smart grid at time t is denoted as ( ). It is assumed that electrical power cannot be sent to the smart grid if ( ) is equal to or higher than a threshold value, . In the following part of the paper, the variable ( ) = − ( ) will be used for judging the real time situation.
From the point of view of smart grid customers, one of the major features of a smart grid is its time-variable pricing. The local power generation at residential homes must integrate with the smart grid. The power price model is critical in the successful business operation of a smart grid. Considering the characteristics of smart grids, the following price model is adopted in this paper: 1) The grid-power has a variable tariff ( ) which is determined by the smart grid.
2) If
( ) > 0, the selling price of a local power to the smart grid is ( ) = ( ) − . The Δ is a constant value.
3) If
( ) ≤ 0, a local power cannot be sold to the smart grid. There are n household appliances with power consumption rate U 1 , U 2 , …, U n (unit kW/h ) and m local power resources with power generation rate R 1 , R 2 , …, R m (unit kW/h). The U i (i=0, …, n) has flexibility variables denoted by a vector . The R i (i=0, …, m) has flexibility variables denoted by a vector . An example of flexibility variable is the starting time of an electric facility. Referred to energy models and profiles for individual electrical entities described in last section, ( , )( = 1, … , ) and ( , )( = 1, … , ) are built up based on weather forecast and occupant activities plan. With to represent [ ( = 1, … , ) ] and to represent [ ( = 1, … , )], the net electrical consumption rate at a specific time point t is:
Please notify that the above net electrical consumption rate ( ) could be both positive and negative. The negative value means that the residential home generates more electrical power than what it is consuming at time t. The residential home may buy from or sell to the smart grid electrical power. The net cost rate of the residential home is: In the proposed approach for electrical energy management, a specific time period T is considered in the prediction, recommendation, and schedule of electrical consumption and local generation. A practical period could be a whole day as 24 hours from 8:00 AM to the following day's 8:00 AM. The specific time period T is divided into N time intervals. An individual time interval is ΔT = T/N. The total cost of the residential home in time period T is:
The schedules of electrical consumption and local generation at a residential home becomes the optimization problem for minimizing the total cost of electrical power while satisfying power requirements at a residential home.
V. SCHEDULING SCHEME The section above set out how to formalize the scheduling of electrical consumption by household appliances and power generation by local resources. The weather forecast and occupant activities plan play a crucial role in ( , )( = 1, … , ) and ( , )( = 1, … , ). The dynamic status of the smart grid including the variable electricity tariff and the capability of buying electrical power from residential homes, the predictable local electrical generation, and electrical consumption of household appliances are considered in the optimization problem.
The optimization problem has the following characteristics: i) it is a nonlinear problem that conditional judgments based on dynamic variables are embedded in the calculation process of ( , ); ii) there are multiple variables (such as starting times of facility running) to be optimized for power consumption and power generation; iii) the time, weather, occupant activities are considered to be discrete rather than continuous; iv) there is no analytical formula for optimal variables to be included in the optimization problem, these variables are inputs to get time-dependent power distributions of individual entities in their specific context of weather and occupant activities ; v) profiles of individual electrical entities may have a fairly big volume of data to be processed in the optimization.
A complete mathematical solution of this optimization problem would require very significant computing resources due to the characteristics described above. In this paper, we propose a solution based on first principles to make a schedule and achieve the approximate minimum total electricity cost. The following section overviews the high-level design of the proposed approach.
The whole solution includes two parts as the building up database for profiles of individual electrical entities and scheduling of household appliances and power resources to achieve the approximate minimum total electricity cost at a residential home. The energy models for profiles of individual electrical entities have been described in Section III. Microsoft Access database is selected as the database system. Database schema will be developed to implement the proposed energy models. Profile data are collected and/or simulated and stored in the database. The part of scheduling of household appliances and power resources as the solution of the optimization problem specified in last section has the following kernel steps:
1) Collect weather data from weather forecast 2) Collect occupant activities data 3) Get the date for prediction 4) Get the prediction of smart grid including the variable electrical tariff T (t) and electrical voltage of smart grid ( ) using data of weather forecast and the date for prediction 5) Get local power generation capability based on data of weather forecast. By considering ( ) obtained at last step, the local power generation capability are divided into the following two parts:
• Time-dependent power generation capability ( ) which cannot be sold to the smart grid.
• Time-dependent power generation capability ( ) which can be sold to the smart grid. 6) For each household appliance (i = 1, …, p) without running flexibility, gets the predictable electrical consumption time-dependent distribution ( , ) using data of weather forecast and occupant activities as input. 7) Calculate ( ) = ∑ ( , ) After step 11, we only need to consider ( ) , ( ), ( , )for each household appliance (i=1, …, q) with a flexible starting time , and T (t).
1) For each associated task of household appliances (i=1, …, q) with a flexible starting time, evaluate the total energy to be consumed, rank them from the most energy consuming to least energy consuming and make the appliance list as ( , … , ). values to zero, remove from the appliance list. Note: the statement "find the best starting time for " can be achieved by calculating the electricity cost of appliance for all possible starting time with a specific time interval and select the best one for the minimum cost. If there are multiple best values, the earliest one will be selected as the best starting time.
3) Repeat the step 13 until the appliance list is empty. Each appliance (i=1, ..q) with a flexible starting time has a best starting time .
The above algorithm provides an approximate solution for the optimization problem formalized in last section. This approach is efficient and has a clear physical meaning at each step. It is quite straightforward to implement with a suitable programming language.
VI. CASE STUDY
This section sets out a case study for the proposed approach. The motivation example and scenarios described in Section II are used as the inputs for the case study. The scheduling period is the whole 24-hour day from 4:00 AM of next day to 4:00 AM of the day after next day. Fig. 2 shows the electrical power output of the installed Solar PV system on a sunny day for scenarios A, C, and D. ( ) and ( ) can be obtained for these scenarios. Δ is the price gap between buying and selling power from the smart grid and is set to be 10 cents/kWh. In sScenario B, the total power output of the solar PV system equals ( ) which can be sold to the smart grid at any time.
Our proposed approach can process any form of varying tariff. In this case study, the tariff scheme in the "Power Smart Home" plan of Energy Australia is used (see Table I ). Off Peak: all other times 13.0900
For scenarios described in Section II, the power consumption profiles of the household appliances without running flexibility are obtained by querying the profile database in their specific context of weather and occupants' activities. The overall inflexible time-dependent power consumption distributions ( ) at scenarios A, B, C, and D are shown in Fig. 3 . Horizontal axis is the time. Vertical axis is the power with unit kW. Using the scheduling scheme presented in Section V, the best starting times for swimming pool pump running and washing/drying in interested scenarios are showed in Table  II. The study case above shows some simple situations for smart home electrical management in the context of local resources and smart grid. In reality, a residential home may have more electrical appliances such as electric vehicles, storage battery, hot water system, etc. It is also possible to have alternative local electrical resources such as wind turbine. The scheduling of electrical consumption and generation can be very complicated and challenging.
VII. RELATED WORK
Smart grids employ modern information and communication technology to achieve computer-based remote control and automation of utility electrical networks. There has been extensive research, development, and deployment of smart grids [11] , [12] across the world in recent years. Smart grids assist in more efficient use of existing power system assets through demand response, peak shaving, and service quality control. Smart grid technology changes the power system into a complex adaptive system [13] .
Major suppliers of smart appliances include Samsung, LG, GE, and Whirlpool. Smart appliances normally have the capability to react to electricity price and demand response signals. They bring additional value with intelligent control, power management, and networking technologies for household appliances on the Smart Grid [14] , [15] .
Distributed generation by local renewable energy sources has gained worldwide attention [16] , [17] . The introduction of large-scale renewable energy resources brings up the surplus-electricity production problem due to fluctuations of generation capability of sustainable energy resources [18] .
Energy informatics has become a hot topic and is concerned with analyzing, designing, and implementing systems to increase the efficiency of energy demand and supply systems [19] . Smart home systems [20] incorporates ubiquitous [21] and context-aware [22] computing into a residential home. Smart home systems are widely referred to as "home automation", which has attracted more attention in recent years due to the development of control systems for entertainment, heating, broadband, lighting and security from one of many types of digital computer control devices, panels and mobile handsets [23] . An overview has been presented in [24] of the challenges of smart homes that information and communication technology will face in the residential home environment. The relationship between human and automated intelligence in green buildings is explored in [25] . A simulation system for validating contextual rules in smart homes is proposed in [26] . An agent-based smart home, referred to as MavHome, is proposed in [27] in which a home acts as an intelligent agent in an adaptive and automated environment. A rule-based framework is proposed in [28] based on an Event-Condition-Action pattern inherited from the field of expert systems for heterogeneous subsystems management in smart home environment.
The research on semantic representation of energy-related information in future smart homes is reported in [29] . This work focuses on the representation of individual homes' electrical entities and their energy demand or supply. The dynamic relationships among electrical entities, predictable environmental variables, and occupant involvement are not considered. Research is reported in [30] on monitoring and analysis of energy consumption at device level and at near real-time by designing a smart home system that can interconnect common devices available in private households and integrate wireless power metering plugs to gain access to energy consumption data. A decision-support tool for coordinated scheduling of energy consumption at a residential home is presented in [10] . The electricity tariff is found to be the critical factor in the scheduling of energy consumption. Communication networks in smart homes have also been highlighted in [31] .
VIII. CONCLUSION
This paper describes our research on smart home electrical energy management in the context of a smart grid. Energy models for individual electrical entities at residential homes and scheduling schemes for electrical energy management have been presented. A formalization of the research problem has been presented and a motivation example and case study have been provided. The proposed approach provides a practical solution which can take account of the local renewable energy generation, smart grids, smart electronic appliances, decisions/commands of home owners, and environmental factors. The proposed scheduling scheme has the following limitations: a) correlations among household appliances with flexible start running times have not been considered; b) total electrical energy consumption of individual appliances is used to judge the priority of the household appliances with a flexible starting time. If power distributions of different household appliances have totally different shapes, the priority assessment processes becomes weak. More extensive research by the present authors on this topic is ongoing.
